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OscillatoriaAbstract Allelopathy is a biological phenomenon by which an organism produces one or more bio-
chemicals that inﬂuence the growth, survival, and reproduction of other organisms. These bio-
chemicals are known as allelochemicals and can have beneﬁcial (positive allelopathy) or
detrimental (negative allelopathy) effects on the target organisms. The current research aims at using
selected brackish water adapted submerged aquatic macrophytes allelopathy to combat bloom-form-
ing cyanophytes, in laboratory bioassay experiments. Dry matters of macrophytes were extracted in
solvents and the initial cyanophytes inoculum, derived from unialgal culture media, was used. There-
fore, aqueous extracts with 50% and 100% acetone and ethanol solvents of two freshwater macro-
phytes; Potamogeton pectinatus and Ceratophyllum demersum were used to test their growth
performance exhibited on two bloom-forming cyanophytes,Microcystis aeruginosa and Oscillatoria
tenuis. The results revealed insigniﬁcant difference between the overall total average growth perfor-
mance at treatment with 50% and 100%Ceratophyllum acetone extracts expressed by optical density
(OD) as well as chlorophyll a (chl a). Results showed, also, stimulation ofM. aeruginosa growth. The
highest growth increase in 100 ll/100 ml treatmentwith 50%acetone extract had a percentage rate (R)
of 94.66. On the contrary, treatment with ethanol extract recorded the highest inhibitory effect, thus in
1.5 ll/100 ml treatment with 50%Ceratophyllum ethanol extractR recorded87.54, sustaining LC50
value of 1.12 ll/100 ml. The highest stimulating effect in 105 ll/100 ml treatment with 50% Cerato-
phyllum acetone extracts againstO. tenuiswas;R, 169.4. The highest inhibition in 1500 ll/100 ml treat-
ment with 50% Ceratophyllum ethanol extracts against O. tenuis was; R 74.32, with LC50 0.830 ll/
100 ml. While, the highest inhibition by 50% and 100% Potamogeton acetone or ethanol extracts
againstM. aeruginosa was in 80 and 70 ll/100 ml treatments with R, 99.80 for both. There are sig-
niﬁcant differences between the overall averages for each solvent, bothof 50%and100%Potamogeton
extracts againstOscillatoria. The highest inhibitory effect forPotamogeton againstOscillatoriawas in
103, 800, 200 and 180 ll/100 ml using 50%, 100%, either acetone or ethanol extracts treatments, hav-
ing LC50 932, 590, 129.50 and 101.428 ll/100 ml, respectively. The potential way for utilizing allelo-
chemicals of aquatic macrophytes could be performed through extracting allelochemicals from
70 M.G. Ghobrial et al.dried plants and synthesizing allelochemicals with natural structures, as these macrophytes are avail-
able excessively in our lakes.
ª 2015 National Institute of Oceanography and Fisheries. Hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Allelopathy was deﬁned as the inhibitory or stimulative effects
of one plant (including microorganism) on another plant
(including microorganism) via releasing chemical compounds
into the environment (Rice, 1984). The role of allelopathy in
aquatic systems has received increasing attention as a potential
means of controlling algal blooms. Macrophytes with allelo-
pathic potential may play an important role in the restoration
of eutrophic lakes. Considerable attention has been paid on
the allelopathic potential of aquatic macrophytes against
blue-green algae. Fariba et al. (2013) results suggest that allelo-
pathic macrophytes have the potential to mitigate phytoplank-
ton blooms in systems dominated by cyanobacteria. Meng
et al. (2008) mentioned that, the inhibition of algae growth
by hydrophytes has advantages of ecological safety, quick
speed and high efﬁciency, which is of great importance in con-
trolling lake eutrophication.
Eutrophication is a major management issue in shallow
lakes worldwide, as it is the main cause of cyanobacterial mass
occurrences in the form of water blooms in lakes and reservoirs
around the world. Three potentially toxigenic and bloom
forming cyanobacterial genera: Microcystis, Anabaena and
Oscillatoria, are hazardous due to the production of secondary
metabolites and endotoxins. Cyanobacterial toxins are
released into the surrounding medium by senescence and lyses
of blooms. Microcystins are toxins produced by cyanobacteria
that entail serious health and environmental problems (Sevilla
et al., 2008). The released toxins could come into contact with
a wide range of aquatic organisms. Microcystis aeruginosa is a
cyanobacterium species that can form harmful blooms in
freshwater bodies worldwide (Straub et al., 2011). M. aerugi-
nosa are not true algae, but rather photosynthetic bacteria
known as cyanobacteria, named after the color of their blue-
green algal blooms.Microcystis blooms pose a threat to aquat-
ic ecosystems at every level via direct or indirect impacts,
including heterotrophic bacteria, phytoplankton, zooplankton,
invertebrates, and ﬁsh (Kirsten, 1996; Vinagre et al., 2002;
Miquel, 2003; Rattapoom et al., 2006; Jose´ et al., 2011). Direct
impacts are a result of toxicity from exposure or ingestion and
reduced food intake. Indirect impacts arise from Microcystis
affecting the overall food quality for zooplankton, species
interactions, and bio-accumulation. Zooplanktons are either
killed by microcystins, or show reduced feeding, growth, and
reproduction, combined with different physiological sensi-
tivities to the toxin (Kirk and Gilbert, 1992; El-Sheekh and
El-Shendy, 2010).
Today, relatively scarce good-quality algal food resources
often limit zooplankton growth (Mueller-Solger et al., 2002).
If available high quality food at the base of the food chain
(phytoplankton) is declining, and Microcystis blooms are
increasing apparently, this could be a profound threat for
the food web (Lehman et al., 2010). The latter authors men-
tioned that, it is hypothesized that Microcystis contributed toa recent decline in pelagic organisms. Bioaccumulation of
microcystins extends the toxin to higher trophic levels such
as ﬁsh. Changes in community structure result from Microcys-
tis altering the dominant herbivores. This can be a shift in zoo-
plankton species, from large cladocerans to smaller
zooplankton, or a shift from planktonic secondary production
to benthic production. Overall, it has the ability to reduce the
efﬁciency of pelagic food webs (Vanderploeg et al., 2001).
Oscillatoria is common in lagoons, where sewage is treated;
it forms dense, slimy, benthic mats on mud or rocks and is
the most tolerant of organic pollutants. Oscillatoria species
are known to produce both neurotoxins (anatoxins and
hepatotoxins) called microcystins (Hawazin, 2012). The effects
of Oscillatoria sp. bloom are not related to toxin production
only but rather are related to deplete dissolved oxygen concen-
trations in water caused by algal proliferation or night respira-
tion and physical damage to the gills of ﬁsh caused by the
structure of some algal organisms. All of these effects can lead
to mortality of aquatic invertebrates, zooplankton, aquatic
plants, phytoplankton, coral reef or ﬁsh and may produce an
environment conducive to botulism (Tellez et al., 2001;
Laurence, 2003; Sanna and Shanab, 2007 and Stanic, 2010).
Various other studies have demonstrated a similar effect on
zooplankton, where the size and shape of cyanobacteria ﬁla-
ments strongly interfere with water ﬁltration, reducing the
zooplankton’s ability to capture prey. In addition to the
mechanical interference, the presence of ﬁlaments in the diges-
tive tract could cause damage that would increase the risk of
bacterial infections (Laurence, 2003).
Several studies investigated allelopathic inhibitory activities
against M. aeruginosa. Zuo et al. (2014a,b) in their ﬁeld inves-
tigations, discovered that in areas of high diversity of aquatic
macrophytes species, there was low density of harmful phyto-
plankton M. aeruginosa and so it was feasible for macrophyte
biodiversity to eliminate the cyanobacteria in some shallow
lakes.
Jianzhong et al. (2012) investigated the inﬂuence of eight
species of aquatic macrophytes on the growth of M. aerugi-
nosa. Yang-Lei et al. (2012) studied fractions of 40 traditional
medicinal plants for antialgal activity against the bloom-form-
ing cyanobacterium M. aeruginosa. Qiming et al. (2006) exam-
ined the allelopathic activity of volatile substances from
submerged macrophytes on M. aeruginosa. Jun-ying et al.
(2011) estimated culture ﬁltrate effects of three submerged
macrophytes on M. aeruginosa.
In the present study two submerged macrophytes were
chosen, Ceratophyllum demersum and Potamogeton pectinatus,
as they are brackish water adapted and most abundant in
Egyptian Delta Lakes. Wium-Andersen et al. (1983) men-
tioned that, C. demersum could produce instable sulﬁdes to
inhibit the growth of phytoplankton. Their studies showed
the instable sulﬁdes were oxidized to produce the element sul-
fur and also inhibited a variety of diatoms, green algae and
cyanobacteria. They also noticed that, the modes of action
Bioactivity effect of two macrophyte extracts on growth performance of two bloom-forming cyanophytes 71of the instable sulﬁdes or element sulfur might affect the
activity of photosystem II, carbon ﬁxation process thereby
to decrease the assimilation of algal cells. Patrice et al.
(2003) isolated four new ent-labdane diterpenes from the
freshwater aquatic plant P. pectinatus, some of these labdanes
showed a strong algicidal activity. Therefore, both these
macrophytes were chosen for the current investigation.
The potential ways for utilizing allelochemicals of aquaticTable 1 Experimental design.
Tested microalgae Macrophyte extracts
Ceratophyllum demersum Concen
Microcystis aeruginosa Acetone (50% and 100%) 10
Ethanol (50% and 100%) 0.5
Oscillatoria tenuis Acetone (50% and 100%) 104
Ethanol (50% and 100%) 500
Potamogeton pectinatus
Microcystis aeruginosa Acetone (50% and 100%) 25
Ethanol (50% and 100%) 10
Oscillatoria tenuis Acetone (50% and 100%) 200
Ethanol (50% and 100%) 20
Table 2 Bioactivity effect of Ceratophyllum demersum extracts agai
C. demersum extract
concentration (ll/100 ml)
M. aeruginosa growth parameters
OD678 Chlorop
Initial 0.0772 ± 0.006 0.004
Control 0 1.067 f ± 0.0465 0.0828 d
Acetone 50%
10 1.078 ef ± 0.0187 0.0828
30 1.278 cd ± 0.1334 0.1043 c
60 1.433 c ± 0.1517 0.1380 a
80 1.660 b ± 0.0724 0.1605
100 2.077 a ± 0.2169 0.1500 a
Average 1.505 a ± 0.1185 0.1271
Acetone 100%
10 1.265 cd ± 0.1320 0.0770
30 1.290 cd ± 0.0223 0.1135 b
60 1.380 c ± 0.1095 0.1222 a
80 1.469 c ± 0.1401 0.1411 a
100 1.680 b ± 0.1754 0.1384 a
Average 1.417 a ± 0.0966 0.1184
Ethanol 50%
0.5 1.108 de ± 0.2249 0.0908 d
1.0 0.520 h ± 0.0227 0.0538
1.5 0.319 i ± 0.1056 0.0220 g
2.0 0.000 J ± 0.0000 0.0000
Average 0.487 c ± 0.0805 0.0416
Ethanol 100%
0.5 0.758 g ± 0.0403 0.0850 d
1.0 0.630 gh ± 0.0681 0.0511
1.5 0.133 ij ± 0.0027 0.0203
1.8 0.000j ± 0.0000 0.0000
Average 0.380 c ± 0.0261 0.0391
Values: Mean ± SD, a, b, c. . ...j: means sharing the same letter are insign
stimulation and ‘‘’’ means inhibition. k = 3.322/ (n  1), Td = 24/k in ho
growth percentage; MM is maximum biomass measured by OD in the t
control culture.macrophytes contain transplanting live plants, delivering har-
vested and dried plants, extracting allelochemicals from
plants and synthesizing allelochemicals with natural struc-
tures (Hu and Hong, 2008).
The aim of the present study is to evaluate the bioactivity
effects of the two submerged macrophytes C. demersum and
P. pectinatus dried plant extracts on the two bloom forming
cyanophytes (M. aeruginosa and Oscillatoria tenuis).tration (ll/100 ml)
30 60 80 102
1 1.5 2.0 2.5
3 * 104 6 * 104 8 * 104 105
1000 1500 2000 2500
30 35 40 50 70
20 30 40 50 70
400 600 800 1000 1500
60 100 140 180 200
nst Microcystis aeruginosa.
hyll a (lgl1) K Td R
9 ± 0.0003 – – –
e ± 0.0018 1.8061 13.288 0.00
fg ± 0.0138 1.8104 13.257 1.03
d ± 0.0283 1.8843 12.737 19.78
b ± 0.0282 1.9342 12.408 34.30
a ± 0.0231 1.9980 12.012 55.58
b ± 0.0313 2.0954 11.454 94.66
a ± 0.0249 41.05
ef ± 0.0152 1.8799 12.767 18.56
c ± 0.0135 1.8885 12.709 20.90
b ± 0.0172 1.9178 12.514 29.33
b ± 0.0111 1.9449 12.340 37.68
b ± 0.0465 2.0032 11.981 57.45
a ± 0.0207 32.80
e ± 0.0185 1.8224 13.170 3.84
fg ± 0.0054 1.4939 16.065 51.27
h ± 0.0032 1.2817 18.725 70.10
i ± 0.0000 0.0000 0.0000 100.0
c ± 0.0068 54.36
e ± 0.0140 1.6573 14.481 28.96
fg ± 0.0101 1.5772 15.216 40.96
hi ± 0.0038 0.9018 26.615 87.54
i ± 0.0000 0.0000 0.0000 100.0
c ± 0.0070 64.39
iﬁcantly different at P< 0.05 (ANOVA, Duncan Test)‘‘ + ’’ means
ur, R= (MM MP)/MP · 100%, where R is the increase or decrease
reatment culture; MP is maximum biomass measured by OD in the
BFig. 1B Correlation between OD678 of M. aeruginosa cell
suspensions and C. demersum 100% acetone extract.
C
Fig. 1C Correlation between OD678 of M. aeruginosa cell
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Macrophyte collection and extraction
Two brackish water adapted macrophytes; P. pectinatus and
C. demersum were selected, based on their allelopathic poten-
tial, proved by isolation and identiﬁcation of algicidal com-
pounds (Wium-Andersen et al., 1983 and Patrice et al.,
2003). They were collected, manually, from the heavily pollut-
ed locations of Lake Maryout, west of Alexandria, Egypt, dur-
ing their growing season (spring). Both macrophytes were
washed gently with tap water, to get rid of detritus and epi-
phytes, then, dried in an oven at 65 C, overnight. Dried plant
materials were homogenized in a blender. For the bioassay
experiment, 5 g dry weight of dried plants was extracted with
two solvents (100% acetone, 100% ethanol, 50% acetone
and 50% ethanol v/v in distilled water), for 2 h, under con-
tinuous stirring (150 rpm), according to Mulderij et al.
(2007). Extracts were ﬁltered using Whatman GF/C, 0.22 lm
pore size, to remove plant particles for bioassay experiments,
and then stored at 4 C until use.
Isolation and culturing of test microalgae
Two bloom-forming blue green microalgae,M. aeruginosa and
O. tenuis were isolated separately by using the ﬁne self-drawn
micropipette technique (Pringsheim, 1946) from water samples
collected from the Wadi El-Rayan Lake, in the western desert
of Egypt. The isolated algae samples were maintained in
500 ml sterile BG-11 medium (Stanier et al., 1971), incubated
at illumination 4000 LUX, 12 vs. 12 h light/dark at tem-
perature 25 ± 1 C, and shaken at 150 rpm (laboratory condi-
tion), to obtain axenic (free from living organisms other than
the species required) pure cultures in exponential growth
phase. Microalgae growth (cell density) was detected as optical
density k678 nm (OD678) described by Kasai et al. (1993), using
a Beckman DU Series 700 spectrophotometer, before initiating
bioassays. All processes of isolation and maintenance were
conducted in semi sterilized conditions.A
Fig. 1A Correlation between OD678 of M. aeruginosa cell
suspensions and C. demersum 50% acetone extract.
suspensions and C. demersum 50% ethanol extract.
D
Fig. 1D Correlation between OD678 of M. aeruginosa cell
suspensions and C. demersum 100% ethanol extract.
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The initial inoculants OD678 of M. aeruginosa and O. tenuis
were 0.077 and 0.018 nm, respectively. Sterilized Erlenmeyer
ﬂasks 250 ml contained 100 ml BG-11 medium with algal ini-
tial inocula and different volumes of macrophyte extract treat-
ments (culture units) as shown in Table 1. Selection of these
concentrations was based on previous introductory experi-
ments to determine the effective-range broadly.
Three replicates for each treatment against control were
incubated in a closed photo bioreactor with randomized design
under laboratory conditions. Optical density OD678 was esti-
mated daily to assess the exponential algal growth phase. A
known volume from culture units was passed through glass
microﬁber ﬁlters (Whatman CF/C) under vacuum; Chloro-
phyll (a) in cell suspension ﬁltrate was determined using the
spectroscopic method (Jeffrey and Humphrey, 1975). Cell divi-
sion per day (k) and time doubling (Td) of microalgae were
calculated according to Yang Songqin et al. (2007) as follows:
k ¼ 3:322=ðn 1Þ; logðODn=OD1Þ and Td ¼ 24=k in hour
where n is the day number.Table 3 Bioactivity effect of Ceratophyllum demersum extracts agai
C. demersum extract concentration (ll/100 ml) O. tenuis growth pa
OD678
Initial 0.0018 ± 0.0001
Control 0 0.183 e ± 0.0191
Acetone 50%
104 0.177 e ± 0.0111
3 * 104 0.272 d ± 0.0205
6 * 104 0.352 c ± 0.0392
8 * 104 0.340 c ± 0.0290
105 0.493 a ± 0.0385
Average 0.303 a ± 0.0240
Acetone 100%
104 0.274 d ± 0.0206
3 * 104 0.235 d ± 0.0245
6 * 104 0.325 c ± 0.0425
8 * 104 0.343 c ± 0.0225
105 0.397 b ± 0.0159
Average 0.315 a ± 0.0239
Ethanol 50%
500 0.090 g ± 0.0131
1000 0.075 gh ± 0.0150
1500 0.047 h ± 0.0104
2000 0.000 I ± 0.0000
Average 0.053 c ± 0.0095
Ethanol 100%
500 0.132 f ± 0.0131
1000 0.052 gh ± 0.0137
1500 0.00 i ± 0.0060
2000 0.00 i ± 0.0000
Average 0.061 c ± 0.0065
Values: Mean ± SD, a, b, c. . ...j: means sharing the same letter are insign
stimulation and ‘‘’’ means inhibition. k = 3.322/ (n  1), Td = 24/k in ho
growth percentage; MM is maximum biomass measured by OD in the t
control culture.The concentration of the extracts (LC50), which reduced the
viable cell number to 50% in growth culture units compared
with the control values, was calculated from the regression
equation and conﬁrmed by the concentration-effect of extracts
and algal growth linear graph (Finney, 1971). Stimulation and
inhibition rates were calculated according to Jing-Hua et al.
(2006) and Wei Zhu et al. (2010) as follows:
R ¼ ðMM MPÞ=MP  100%:
where R is the increase or decrease growth percentage; MM is
maximum biomass measured by OD in the treatment culture;
MP is maximum biomass measured by OD in the control
culture.
Statistical analyses
Data were statistically analyzed by a one-way analysis of vari-
ance (ANOVA) using the Assistant Version 7.6 beta, 2012
(Federal University of Campina Grande City (UFCG), Bra-
zil.), and expressed as the arithmetic mean ± standard devia-
tion (SD). Duncan’s multiple range tests were used to
compare differences between treatment means when signiﬁcant
F values were observed, at p< 0.05 level (Duncan, 1955).nst Oscillatoria tenuis.
rameters
Chlorophyll a (lgl1) k Td R
0.0098 ± 0.0001
0.0392 cd ± 0.0018 2.672 8.981 0.000
0.0340 de ± 0.0034 2.657 9.032 3.28
0.0401 cd ± 0.0074 2.844 8.440 48.63
0.0532 bc ± 0.0129 2.955 8.121 92.35
0.0616 bc ± 0.0017 2.940 8.163 85.79
0.0565 bc ± 0.0067 3.102 7.736 169.4
0.0491 b ± 0.0065 65.57
0.0635 bc ± 0.0126 2.846 8.433 49.73
0.0744 b ± 0.0066 2.780 8.632 28.42
0.0762 b ± 0.0502 2.921 8.216 77.60
0.1107 a ± 0.0059 2.944 8.151 87.43
0.1212 a ± 0.0224 3.008 7.979 116.9
0.0892 a ± 0.0195 72.13
0.0181 ef ± 0.0027 2.363 10.157 50.82
0.0230 ef ± 0.0023 2.285 10.504 59.02
0.0139 fg ± 0.0002 2.085 11.511 74.32
0.0000 g ± 0.0000 0.000 0.000 100.0
0. 0138 c ± 0.0013 71.04
0.0195 ef ± 0.0032 2.528 9.492 27.87
0.0152 ef ± 0.0030 2.122 11.311 71.58
0.0000 g ± 0.0000 0.000 0.000 100.0
0.0000 g ± 0.0000 0.000 0.000 100.0
0.0087 c ± 0.0016 66.67
iﬁcantly different at P< 0.05 (ANOVA, Duncan Test)‘‘ + ’’ means
ur, R= (MM MP)/MP · 100%, where R is the increase or decrease
reatment culture; MP is maximum biomass measured by OD in the
D74 M.G. Ghobrial et al.Correlation and regression between macrophyte extract con-
centration and microalgae growths were analyzed by the com-
puter software Microsoft Ofﬁce Excel 2007.A
Fig. 2A Correlation between OD678 of O. tenuis cell suspensions
and C. demersum 50% acetone extract.
Fig. 2D Correlation between OD678 of O. tenuis cell suspensions
and C. demersum 100% ethanol extract.
B
Fig. 2B Correlation between OD678 of O. tenuis cell suspensions
and C. demersum 100% acetone extract.
C
Fig. 2C Correlation between OD678 of O. tenuis cell suspensions
and C. demersum 50% ethanol extract.Results
Bioactivity effect of C. demersum extracts against
M. aeruginosa
The bioactivity effect of C. demersum acetone and ethanol
extracts (50% with water and 100%) against bloom forming
M. aeruginosa as measured by optical density (OD678) and
chlorophyll a (chl a) is presented in Table 2 and Figs. 1A–D.
Based on comparisons with controls, various growth response
patterns were observed following different extract treatments.
There was no signiﬁcant difference between the overall average
total of 50% and 100% Ceratophyllum for both acetone and
ethanol extracts againstM. aeruginosa. Treatments with higher
doses of both 50% and 100% extracts resulted into growth
stimulation, sustaining steadily higher OD678, chlorophyll a,
higher cell division per day, versus time doubling (Td). The
highest effect in 100 ll/100 ml treatment of 50% Ceratophyl-
lum acetone extracts with increase percentage growth rate
(R= 94.66%). On the other hand, treatments with 50% and
100% Ceratophyllum ethanol extracts had inhibitory effects
on Microcystis. The highest inhibitory effect was exhibited in
1.5 ll/100 ml Ceratophyllum 100% ethanol extracts treatment
with percentage R= 87.54. Consistent with that, treatment
with 1.5 ll/100 ml of 50% Ceratophyllum ethanol extract had
the lowest OD678 readings as well as chlorophyll a value of
Microcystis (0.319 and 0.022, respectively), along with the
highest Td and inhibitory rate R= 18.725 and 70.10 respec-
tively. At 100% ethanol extract the OD678 as well as chloro-
phyll a of Microcystis were the lowest (0.133 and 0.0203,
respectively) and inhibitory rate (R= 87.54), while Td was
the highest (26.615). Linear regression from Figs. 1A and B
showed a stimulatory effect of 50% and 100% Ceratophyllum
acetone extracts onMicrocystis, while showed inhibitory effect
of 50% and 100% Ceratophyllum ethanol extracts on Micro-
cystis as shown in Figs. 1C and D attaining LC50 1.12 and
0.933 ll/100 ml, respectively.
Bioactivity effect of C. demersum extracts against O. tenuis
Also there was an insigniﬁcant difference between the overall
total averages of 50% and 100% Ceratophyllum for both
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by OD678 or chl a (Table 3 and Figs. 2A–D). Treatments with
50% and 100% Ceratophyllum acetone extracts had stimulato-
ry effects on O. tenuis. The highest effect in 105 ll/100 ml treat-
ment with 50% Ceratophyllum acetone extracts with increase
percentage growth (R= 169.4%), except for treatment with
104 ll/100 ml of 50% Ceratophyllum acetone extract, showed
inhibitory effect of O. tenuis, with OD678 reading of 0.177
and the highest Td (9.032). The chlorophyll a results were
always parallel to OD678 readings. For 100% Ceratophyllum
acetone extracts, the lowest OD678 (0.235) and chlorophyll a
(0.0744) with the highest Td (8.632) of Oscillatoria, were
sustained at treatment with 3 · 104 ll/100 ml. The otherTable 4 Bioactivity effect of Potamogeton pectinatus extracts again
P. pectinatus extract concentration (ll/100 ml) M. aeruginosa growt
OD678
Initial 0.20 ± 0.001
Control 0 1.476 a ± 0.014
Acetone 50%
25 1.211 fg ± 0.011
30 1.189 g ± 0.011
35 1.108 h ± 0.010
40 0.870 J ± 0.008
50 0.520 n ± 0.005
60 0.411 o ± 0.004
80 0.000 ± 0.000
Average 0.674a ± 0.006
Acetone 100%
25 1.319 e ± 0.012
30 1.090 h ± 0.010
35 0.750 i ± 0.007
40 0.600 m± 0.005
50 0.590 m± 0.005
60 0.321 p ± 0.006
70 0.000 ± 0.000
Average 0.666a ± 0.009
Ethanol 50%
10 1.444 b ± 0.013
20 1.409 c ± 0.013
30 1.357 d ± 0.012
40 1.228 f ± 0.011
50 0.882 ij ± 0.008
60 0.600 m± 0.005
70 0.200 q ± 0.002
80 0.000 ± 0.000
Average 0.890c ± 0.008
Ethanol 100%
10 1.189 g ± 0.011
20 1.299 e ± 0.012
30 0.900 i ± 0.008
40 0.600 m± 0.005
50 0.500 n ± 0.005
60 0.319 p ± 0.003
70 0.000 ± 0.000
Average 0.898c ± 0.008
Values:Means ± SD, a, b, c. . ...j: means sharing the same letter are insign
stimulation and ‘‘’’ means inhibition. k = 3.322/ (n  1), Td = 24/k in ho
growth percentage; MM is maximum biomass measured by OD in the t
control culture.treatments showed stimulation of Oscillatoria growth, indicat-
ed by higher OD678 as well as chlorophyll a and lower td of
Oscillatoria. Treatment with 1500 ll /100 ml of 50% Cerato-
phyllum ethanol extract showed inhibitory activity against O.
tenuis, with the least OD678 (0.047) and chlorophyll a
(0.0139) and the highest Td (11.511) sustaining the highest
inhibitory effect with percentage growth rate R= 74.32.
On the other hand, at 103 ll/100 ml treatment with 100% of
Ceratophyllum ethanol extract against Oscillatoria, recorded
the least OD678 (0.052) and chlorophyll a (0.0152), showing
the highest Td (11.311). Linear regression (2A and 2B) showed
stimulatory effect of 50% and 100% Ceratophyllum acetone
extracts on Oscillatoria, and on the contrary, 50% and 100%st Microcystis aeruginosa.
h parameters
Chlorophyll a (lgl1) k Td R
0.066 ± 0.003
0.717 a ± 0.025 1.53246 15.661 0.00
0.500 e ± 0.012 1.44651 16.592 17.92
0.340 d ± 0.011 1.43855 16.683 19.41
0.280gh ± 0.006 1.40807 17.045 24.88
0.190 J ± 0.006 1.30289 18.421 40.97
0.181 J ± 0.020 1.07937 22.235 64.64
0.090 o ± 0.025 0.97932 24.507 72.01
– – – 99.80
0.226c ± 0.011 54.23
0.300 f g ± 0.009 1.48355 16.177 10.62
0.380 d ± 0.035 1.4008 17.133 26.10
0.220 i ± 0.058 1.23843 19.379 49.09
0.140 n ± 0.037 1.14152 21.025 59.23
0.033 ± 0.010 1.14152 21.025 59.91
0.000 ± 0.000 0.84049 28.555 78.09
– – – 99.80
0.153d ± 0.021 54.77
0.480b c ± 0.016 1.52294 15.759 2.16
0.399 d ± 0.012 1.51228 15.87 4.53
0.320 e f ± 0.010 1.49595 16.043 8.05
0.411 d ± 0.012 1.45257 16.522 16.77
0.297 ef ± 0.010 1.30884 18.337 40.16
0.160 ± 0.008 1.14152 21.025 59.23
0.000 ± 0.000 0.6644 36.123 86.27
– – – 99.80
0.348a ± 0.009 39.62
0.465 c ± 0.004 1.43862 16.683 19.41
0.319 ef ± 0.010 1.47698 16.249 11.97
0.398 d ± 0.005 1.31761 18.215 38.95
0.269 h ± 0.008 1.14152 21.025 59.23
0.191 J ± 0.008 1.06234 22.592 65.99
0.000 ± 0.000 0.6644 36.123 78.23
– – – 99.80
0.295b ± 0.005 39.08
iﬁcantly different at P< 0.05 (ANOVA, Duncan Test), ‘‘ + ’’ means
ur, R= (MM MP)/MP · 100%, where R is the increase or decrease
reatment culture; MP is maximum biomass measured by OD in the
AFig. 3A Correlation between OD678 of M. aeruginosa cell
suspensions and P. pectinatus 50% acetone extract.
B
Fig. 3B Correlation between OD678 of M. aeruginosa cell
suspensions and P. pectinatus 100% acetone extract.
D
Fig. 3D Correlation between OD678 of M. aeruginosa cell
suspensions and P. pectinatus 100% ethanol extract.
C
Fig. 3C Correlation between OD678 of M. aeruginosa cell
suspensions and P. pectinatus 50% ethanol extract.
76 M.G. Ghobrial et al.Ceratophyllum ethanol extracts, showed inhibitory effect on
Oscillatoria as shown in Figs. 2C and D, with LC50 0.875
and 0.933 ll/100 ml, respectively.Bioactivity effect of P. pectinatus extracts against
M. aeruginosa
As in the previous experiments, there was an insigniﬁcant dif-
ference between the overall average total of 50% and 100%
Potamogeton acetone and ethanol extracts against Microcystis
of OD678 or chl a. The highest inhibitory effect was seen at 80
and 70 ll/100 ml treatment with 50% and 100% Potamogeton
acetone extracts, with percentage growth rates for both
R= 99.80. The highest inhibitory activity of 50% Potamoge-
ton acetone extract against Microcystis was exhibited using
60 ll/100 ml, measured as OD678, recording a minimum of
0.411 where as chlorophyll a was 0.09 ll/l, accompanied by
the Td highest measurement of 24.507and an inhibition rate
R= 72.01. At 100% Potamogeton acetone extract results
of inhibitory activity against Microcystis measured by OD678,
chlorophyll a and Td were parallel to those of 50% Potamoge-
ton acetone extracts (Table 4 and Fig. 4). As for 50% and
100% Potamogeton ethanol extracts, inhibitory activity best
results R= 86.27 and 78.23, respectively, were sustained
at using 70 ll/100 ml and 60 ll/100 ml, respectively. Chloro-
phyll a results were not shown, while Td was at maximum
(36.123) for both extracts. Data in Figs. 3A–D showed
inhibitory effect of 50% and 100% Potamogeton acetone or
ethanol extracts on Oscillatoria with LC50; 40.285, 36.318,
46.578 and 32.857 ll/100 ml, respectively.
Bioactivity effect of P. pectinatus extracts against O. tenuis
There are signiﬁcant differences between the overall averages
for each solvent, both of 50% and 100% Potamogeton acetone
or ethanol extracts against Oscillatoria as OD678 or chl a
(Table 5). The highest effect was seen in 103, 800, 200 and
180 ll/100 ml treatments with 50%, 100% acetone, 50%,
100% ethanol extracts, respectively, and percentage inhibition
R= 66.56, 73.24, 85.95 and 85.95, respectively. The
highest inhibitory activity against Oscillatoria was sustained
at using 103 ll/100 ml of 50% acetone extract of P. pectinatus,
measured by OD678 and chl a. Thus, least OD678 readings and
chlorophyll ameasurements were 0.500 and 0.1850 respectively
accompanied by the highest Td (22.592) and R (66.56). On
BFig. 4B Correlation between OD678 of O. tenuis cell suspensions
and P. pectinatus 100% acetone extract.
C
Fig. 4C Correlation between OD678 of O. tenuis cell suspensions
Bioactivity effect of two macrophyte extracts on growth performance of two bloom-forming cyanophytes 77the other hand, the maximum activity against O. tenuis was
attained when using 100% acetone extract of Potamogeton at
800 ll/100 ml, with OD678 of 0.400, while chlorophyll a did
not register any record, accompanied by the Td highest value
of 24.859. Ethanol extract of Potamogeton with 50% inhibited
O. tenuis at using 200 ll/100 ml extract, recording OD678 0.210
with no chlorophyll reading, while Td was highest at 35.006
and R= 85.95. The use of 180 ll/100 ml of 100% ethanol
extract of Potamogeton exhibits an inhibition of O. tenuis with
OD678 of 0.210 and chlorophyll a of 0.111 with Td = 35.006
and R = 85.95. Data presented in Figs. 4A–D showed
inhibitory effect of 50% and 100% Potamogeton acetone or
ethanol extracts on Oscillatoria with LC50 932, 590, 129.50
and 101.428 ll/100 ml, respectively.
Discussion
The inhibitory effect of allelochemicals released by submerged
macrophytes on phytoplankton is considered as one of the
mechanisms that contribute to the stabilization of clear-water
status in shallow lakes (Ko¨rner and Nicklisch, 2002). Maarten
et al. (2014) suggested that phytoplankton was controlled by
allelopathy, in their mesocosm experiments. Many factors
have contributed to the success of methanol and acetone aque-
ous extracts of both selected macrophytes on the two test cya-
nophytes. First, the starting macrophytes biomass dry weight
of 5 g was optimum, referring to preliminary experiments,
for the extraction of bioactive compounds, used for inoculums
with different concentration treatments. This is supported by
investigations of Qiming et al. (2006), who proved that allelo-
pathic compounds (lipids and terpenoids) in submerged
macrophytes are composed approximately of 70% dry matters
rather than fresh ones. Second, the uses of unicellular algal cul-
tures of the two test bloom forming cyanophytes were affected
by the plant extracts. This is proved by Myung-Hwan et al.
(2009) that, growth inhibition of unicellular M. aeruginosa
was much higher than that of colonial M. aeruginosa, when
they used extracts of rice hull. Third, solvents with intermedi-
ate lipophilic properties such as 50% (v/v) acetone and ethanol
in water, revealed the highest activity against cyanobacteria as
mentioned by Gross et al. (1996, 2003), Erhard and GrossA
Fig. 4A Correlation between OD678 of O. tenuis cell suspensions
and P. pectinatus 50% acetone extract.(2006) and Mulderij et al. (2007). Sulfur or lipophilic, labile
compounds have been described as the major algicide in lipo-
philic extracts (Wium-andesen et al., 1983).and P. pectinatus 50% ethanol extract.
D
Fig. 4D Correlation between OD678 of O. tenuis cell suspensions
and P. pectinatus 100% ethanol extract.
78 M.G. Ghobrial et al.In the present investigation both 50% and 100% aqueous
acetone and ethanol extracts, obviously exerted inhibitory
activities against the two cyanophytes. This is evident in most
treatments, with variations in their initial concentrations.
However, the results of OD678 run always parallel to chloro-
phyll a estimations in all treatments. This was met with abso-
lutely highest time doubling (Td) as shown in Tables 2–5.
Results of Ceratophyllum treatment against Oscillatoria were
optimum at using 1500 ll/100 ml and 103 ll/100 ml of 50%
aqueous and 100% ethanol extracts, respectively, probably
due to initial cell density of cyanophytes. These results were
supported by Jun-ying et al. (2011) who admitted that, allelo-
pathic effects of three submerged macrophytes, particularly
Ceratophyllum, on the growth of M. aeruginosa depended on
initial algal cell density. Thus, this could be considered the
forth factor which has contributed to the success of the select-
ed macrophyte extracts to combat the test cyanophytes in theTable 5 Bioactivity effect of Potamogeton pectinatus extracts again
P. pectinatus extract concentration (ll/100 ml) O. tenuis growth pa
OD750
Initial 0.200 ± 0.003
Control 0 1.496 a ± 0.014
Acetone 50%
200 1.469 a ± 0.013
400 1.382 c ± 0.013
600 1.108 g ± 0.010
800 1.020 h ± 0.009
1000 0.500 l ± 0.005
1500 0.000p
Average 0.913a ± 0.008
Acetone 100%
200 1.342 d ± 0.012
400 1.202 f ± 0.011
600 0.800 J ± 0.007
800 0.400 n ± 0.004
1000 0.000p
Average 0.749b ± 0.007
Ethanol 50%
20 1.34d ± 0.012
(ll) 60 1.29e ± 0.012
100 1.21f ± 0.011
140 0.97i ± 0.009
180 0.43 m ± 0.004
200 0.21o ± 0.002
240 0.000p ± 0.000
Average 0.862c ± 0.008
Ethanol 100%
20 1.28e ± 0.012
60 1.21f ± 0.011
100 1.01 h ± 0.009
140 0.42 m ± 0.004
180 0.21o ± 0.002
200 0.00p ± 0.000
Average 0.799d ± 0.007
Values: Mean ± SD, a, b, c. . ...j: means sharing the same letter are insign
stimulation and ‘‘’’ means inhibition. k = 3.322/(n  1), Td = 24/k in ho
growth percentage; MM is maximum biomass measured by OD in the t
control culture.present bioassay experiments. However, increase of dry
matters initial concentrations of the selected macrophytes is
needed to establish best allelopathic inﬂuence on Microcystis,
through further bioassay experiments. Allelopathic potential
of Ceratophyllum is due to essential oils from dry biomass
(Qiming et al., 2006). These essential oils are composed of fatty
acids, terpenoids, phenolic compounds and others, all of which
showed allelopathic activity which is stronger in Ceratophyllum
than in other macrophytes (Qiming et al., 2006). Probably such
essential oils, might have given the results of the present
research, where; LC50 was (0.933 ll/100 ml) at using 100%
C. demersum aqueous ethanol extract against M. aeruginosa,
which was stronger than Potamogeton extracts against same
organism with the same concentration.
On the other hand, C. demersum had stimulatory effects on
O. tenuis, at high extract concentrations (Table 2), this could
be explained by Gross (2003), Hilt et al. (2006), Mulderijst Oscillatoria tenuis.
rameters
Chlorophyll a (lgl1) k Td R
0.06 ± 0.005
0.7170 ± 0.018 1.53246 15.661 0.00
0.3998 e ± 0.013 1.53024 15.684 1.74
0.4282 d ± 0.010 1.50397 15.958 7.56
0.3489 f ± 0.017 1.40799 17.046 25.89
0.2037 i ± 0.011 1.37189 17.494 31.77
0.1850 i ± 0.008 1.06234 22.592 66.56
– – – 100.00
0.2609ab ± 0.002 38.93
0.5642 c ± 0.017 1.49119 16.095 10.23
0.2834 h ± 0.011 1.44311 16.631 19.60
0.1200 J ± 0.015 1.26646 18.95 46.49
0.0000 ± 0.000 0.96543 24.859 73.24
– – – 100.00
0.161c ± 0.003 49.90
0.6103 b ± 0.011 1.49047 16.102 10.37
0.4038 e ± 0.014 1.47396 16.283 13.71
0.297 gh ± 0.019 1.44616 16.596 19.06
0.3860 e ± 0.013 1.35014 17.776 35.12
0.1307 J ± 0.011 0.99684 24.076 71.24
0.0000 ± 0.000 0.68559 35.006 85.95
– – – 100.00
0.275a ± 0.001 42.34
0.4275 d ± 0.011 1.47058 16.32 14.38
0.4059 e ± 0.013 1.44616 16.596 19.06
0.3098 g ± 0.016 1.36769 17.548 32.44
0.1958 i ± 0.009 0.98662 24.325 71.91
0.1111 ji ± 0.013 0.68559 35.006 85.95
0.0000 ± 0.000 – – 100.00
0.241b ± 0.002 – – 46.56
iﬁcantly different at P< 0.05 (ANOVA, Duncan Test)‘‘ + ’’ means
ur, R= (MM MP)/MP · 100%, where R is the increase or decrease
reatment culture; MP is maximum biomass measured by OD in the
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lochemicals identiﬁed from aquatic macrophytes are well
documented for their inhibition and stimulating effects. Such
inhibitory and simulative interactions are explained with
tremendous growth, physiological and biochemical mechan-
isms (Yalew and Andrea, 2012).
Generally Potamogeton succeeded to combat both test cya-
nophytes supported by investigations by Zhang et al. (2009),
who proved the allelopathic inhibition of P. pectinatus against
M. aeruginosa in coexistence and exudate experiments in
laboratory conditions. It is to be noted that, the success of
aqueous extracts of P. pectinatus initial optimum dry weight
of 5 g to combat M. aeruginosa, was in accordance with
(Zhang et al., 2009). They recommended strongly that the bio-
mass of Potamogeton is responsible for optimum plant exu-
dates for inhibitory activity and indicated also, that several
mechanisms may be involved in the antagonistic relationship
between phytoplankton and macrophytes. Contrarily Ko¨rner
and Nicklisch (2002) did not ﬁnd growth inhibition in Micro-
cystis from exudates of P. pectinatus, due to the different initial
biomasses of macrophytes, which could be the reason (Zhang
et al., 2009). Aquatic allelochemicals often target multiple
physiological processes of the other organisms. Allelo-
chemicals have a signiﬁcant effect on cell division, cell differen-
tiation, respiration, photosynthesis, enzyme function, signal
transduction as well as gene expression (Inderjit, 2003; Belz
and Hurle, 2004). The probable cause for reduction in the rate
of photosynthesis is the production of speciﬁc inhibitors of
photosystem II (PSII) (Smith and Doan, 1999). However, the
inhibitory potential of the chemicals is attributable to the com-
plexation with and inactivation of extracellular enzymes
involved in such biologically important phenomenon (Gross
et al., 1996). Some allelochemicals inhibit/interrupt photosyn-
thetic electron transport on the acceptor side of PSII and dis-
mantling membrane integrity (Srivastava et al., 1998). For
instance, the most allelopathically active compound in Myrio-
phyllum spicatum, tellimagrandin II, and lipophilic extracts
were found to inhibit the PSII by interfering with the electron
transfer of Anabaena sp. (Leu et al., 2002). Results obtained
from the present research referring to low levels of chlorophyll
content of algae and, increased inhibitory rates, were probably,
due to the impact of macrophyte extracts on multiple physio-
logical processes. The decline in growth rate might be ascribed
to a decrease in the amount of chlorophyll contents due to alle-
lochemicals (Abdulrahman, 2010). For example, experiment
conducted on the effect of allelochemicals from Myriophyllum
aquaticum on photosynthetic pigments of M. aeruginosa
showed that, relative content of chlorophyll a, phycocyanin
and allophycocyanin decreased (Wu et al., 2008). This could
probably cause slower growth of competing plankton. This is
consistent with results obtained from the current research,
since lower values of chlorophyll a, were highly correlated to
increased concentrations of macrophyte extracts. Allelo-
chemicals can potentially impair the processes of photosynthe-
sis by impacting stomata control of CO2 supply, the thylakoid
electron transport, and carbon reduction cycle (Yalew and
Andrea, 2012). Nevertheless, the detailed mechanism for the
reduced assimilation, induced by allelochemicals, in most stud-
ies remains unclear and sweeping a lot of research. However,
the lab-scale system was too simple to reﬂect the actual circum-
stances of the ﬁeld. Maarten et al. (2014) results suggested
that phytoplankton communities do not evolve resistance toallelochemicals from the submerged macrophyte, Elodea. This
may allow Elodea to control phytoplankton in natural ecosys-
tems over prolonged time periods through allelopathy.
Conclusion
Although physical or chemical control of the blooms is possi-
ble in a short period, these methods could cause other prob-
lems. Thus, there is still a need for research on biological
factors controlling cyanobacteria blooms. In addition, algal
inhibition is weaker in eutrophic conditions as mentioned by
Zuo et al. (2014a,b). The latter authors recommended the
necessity to restore biological diversity and rebuild an eco-
logically balanced food chain or web to facilitate the control
of harmful algal blooms in eutrophic lakes. However, extract-
ing allelochemicals from plants and applying them into water
bodies is a promising method because of its easy control and
quick effect. Allelochemicals from macrophytes are natural
algicides. Rice claimed that allelochemicals might replace the
man-made herbicides, at least could greatly reduce the amount
of herbicide usage (Rice, 1984). Therefore, extraction, separa-
tion, identiﬁcation and synthesis of allelochemicals can pro-
vide new algicides for algal-bloom control. So it still will be
an important issue to search for highly-effective allelo-
chemicals from aquatic macrophytes, especially from Nile
Delta eutrophic lakes, as there will not be any biomass short-
age of the dominant species.References
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